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imaging of alveoli presents particular challenges. The high resolution required to discern individual alveoli and the depth of the tissue being imaged has, for the most part, prevented real-time visualization of alveoli. X-ray micro-computed tomography has been used to image fixed lung samples from mice (43) , rats (27) , pigs (30) , and humans (52) . Such imaging provides exquisite anatomical detail but is restricted to ex vivo samples, which are subject to tissue shrinkage and distortion as a result of the fixation process. Intravital (26) and confocal microscopy (44) have been used with some success to image alveoli in rats. However, this is restricted to imaging alveoli at the very surface of the lung due to the limited penetration depth of these imaging modalities, in the latter case to a depth of 30 m. Other more indirect approaches have also been applied, notably 3 He diffusion magnetic resonance imaging (MRI) (18) , which provides estimates of alveolar volume and surface area by characterizing the pattern of 3 He diffusion through the lungs and combining this with geometrical models of idealized alveolar ducts. These techniques are noninvasive and lend themselves to dynamic studies, although the limited spatial resolution of the underlying MRI acquisitions means that these measurements are not able to image individual alveoli.
Optical coherence tomography (OCT) is a high-resolution optical imaging modality, based on reflectance measurements using low-power, non-ionizing near-infrared light (11, 12) . It has been used to quantify airway size in both animal models (41, 42) and in vivo in humans (35, 54 -57) . Ex vivo studies have also shown that OCT may be used to image individual alveoli (4, 19) , and in vivo OCT imaging with the use of a thoracic window has been demonstrated in both mouse and rabbit models (3, 36, 37) . Although conventional OCT has a tissue penetration depth of only 2-3 mm, this limitation can be overcome by use of OCT needle probes (8, 31, 46, 59) , wherein the optics have been miniaturized and encased within a hypodermic needle. Needle OCT facilitates access to deeper regions of the target tissue with an acquisition time sufficient to provide information on dynamic tissue properties.
In this study, we examined the utility of a new lung imaging technique using OCT needle probes, allowing high-resolution static and dynamic visualization of parenchymal structures deep within the lung. We present two OCT needle probes designed by our group: the first, encased within a 30-gauge needle, is designed to minimize tissue distortion and damage; and the second, encased within a larger 18-gauge needle, is optimized for dynamic imaging and tracking of individual alveoli. In the present study, the needle probes were used to image ex vivo lung lobes from three different species: adult rats, fetal sheep, and adult pigs. Our findings demonstrate the capacity for OCT needle probes to image alveoli, small peripheral airways, and blood vessels deep within lung tissue. We show the first coregistered OCT-histology image pairs acquired with a 30-gauge OCT needle probe. This probe is half the size of that used in the acquisition of previously published comparable lung images (46) , resulting in substantially less traumainduced artifact. In addition, this article presents the first published dynamic OCT needle images of alveoli during lung inflation and deflation.
MATERIALS AND METHODS
Animal handling. All animal experiments conformed to the American Physiological Society's "Guiding Principles in the Care and Use of Animals." Animal tissue was obtained from animals euthanized as part of a different research project approved by the University of Western Australia Animal Ethics Committee, and tissue was utilized under institutional tissue sharing protocols. Three different species were used: rats, sheep, and pigs. Adult rats (Wistar, n ϭ2) were euthanized by CO 2 inhalation. One pre-term fetal merino lamb (144 days gestation, term ϭ 150 days) was delivered by cesarean section and overdosed by pentobarbitone (250 mg/kg iv). Rats and sheep were exsanguinated before removal of lung lobes. One adult White Landrace pig was sedated with tiletamine/zolazepam (4.4 mg/kg im) and xylazine (2.2 mg/kg im) and exsanguinated under pentobarbital sodium anesthesia (30 mg/kg iv).
Excised lung lobes. Animals were euthanized on the day of experiment, and dissection was performed immediately postmortem. Scans were acquired between 1 and 4 h after dissection. During this period, lungs were kept moist with Krebs solution to prevent tissue dehydration. Rat and sheep lung lobes were used for static OCT needle imaging, and pig lobes for dynamic OCT needle imaging. Rat and pig lobes were excised and allowed to deflate passively for 1-2 h. After tracheal cannulation, lungs were inflated by a syringe filled with Krebs solution or isotonic saline. The pre-term lamb lung containing amniotic fluid was clamped at the trachea before excision to prevent fluid drainage. The trachea was subsequently cannulated and inflated as described above. Before scanning began, lungs were laid horizontally, with the anterior surface facing downward, and cycled several times between 0 and 30 cmH 2O (tracheal pressure) as determined from a fluid-filled column connected in series with the trachea. Static imaging was performed under a fixed positive distending pressure. For dynamic imaging, pressure was cycled between 0 and 20 cmH2O to simulate cyclical lung inflation and deflation. The external surface of the lungs was kept moist throughout the duration of the experiments.
OCT imaging. OCT, described in detail previously (11, 12) , acquires images of tissue by illuminating a biological sample with a focused beam of near-infrared light and detecting the component of this light that is backscattered (reflected). Backscattering from different depths within the tissue is separated through a process referred to as interferometry, giving a narrow, one-dimensional depth scan focused into the tissue at a specific location. A schematic of the imaging setup is shown in Fig. 1 . The OCT scanner is interfaced to an OCT needle probe (8, 29, 34, 46, 59 ) through a length of optical fiber. The OCT needle probe contains miniaturized optics to focus the light beam and a small mirror to redirect the light beam perpendicular to the needle shaft. The light beam is emitted through a small imaging window etched near the distal end of the needle and is able to image tissue up to 2-3 mm from the needle tip. The inset of Fig. 1 shows a photo of a probe encased within a 30-gauge needle (outer diameter 310 m).
Within this study, we utilized a spectral domain OCT scanner developed in-house. With a spectral domain system, reflections of the near-infrared light beam are acquired simultaneously from all depths in the sample. The detected signal is combined with a reference light beam using interferometry, and the strength of backscattered light at each depth is extracted through a Fourier analysis, as described previously (11) , giving a single depth scan. The light source used in our setup has a central wavelength of 836 nm and a spectral bandwidth of 50 nm, giving a measured axial resolution (along the length of the depth scan) of 9.3 m in air (7 m in water). Two different OCT needle probe designs were utilized, illustrated in Fig. 2 and described below.
Static OCT needle probe. The static OCT needle probe was developed to acquire three-dimensional (3-D) OCT volumetric data sets. The small-caliber 30-gauge needle (outer diameter 310 m) reduces tissue damage and can be used in small animal models. This is the smallest caliber side-facing OCT needle probe reported to date. Its design has been detailed elsewhere (31) but is briefly summarized here. To attain the smallest possible probe diameter, the focusing optics consist of a miniaturized lens and side-reflecting mirror constructed from different types of optical fiber. Counter-rotation of the probe at 1 Hz provides a 2-D image disc, centered on the OCT needle probe and with a radius of ϳ600 m. Serial consecutive 2-D images are acquired as the probe is pulled back in small steps of 5 m to produce a 3-D cylindrical volumetric data set, as illustrated in Fig. 2A . The average transverse resolution of the probe is 12 m in tissue, over a range of 600 m.
Dynamic OCT needle probe. The dynamic OCT needle probe has been developed to acquire a rapid sequence of 2-D OCT images, allowing imaging of dynamic physiological processes, such as alveoli dynamics during lung inflation/deflation. The probe consists of an inner imaging needle (outer diameter 720 m) that translates back and forth within an enclosing outer needle (outer diameter 1.27 mm). Details of the focusing optics are given elsewhere (46) . In brief, light is transported from the scanner to the inner imaging needle probe along a length of single-mode optical fiber. Fused to the distal end is a 270-m length of GRIN fiber. Within the GRIN fiber, the refractive index of the fiber core varies approximately quadratically, causing the light beam to converge and diverge periodically. By cleaving the GRIN fiber at an appropriate length (32) , it is possible to control the focal length of the emitted light beam. The GRIN fiber is then terminated with a small copper mirror, polished at an angle of 45°, to redirect the light beam at right angles to the needle axis. The light beam is emitted through a slit window (length 20 mm) ground into the outer needle, as illustrated in Fig. 2B . Each stroke of the inner probe acquires a 2-D rectangular image, with the long axis oriented along the needle. The linear motion has a rate of 3 Hz and a stroke of 12 mm, allowing acquisition of a time sequence of 2-D images. The average transverse resolution of the probe is 15 m in tissue, over a range of 700 m. Image data were oversampled, acquiring 1,600 axial depth scans (A-scans) per stroke, to allow for resampling of the image to account for the sinusoidal probe translation.
Postimaging histology. After scanning, 1 ϫ 1-cm-wide sections were excised along each needle trajectory. The excised tissue was fixed (4% formaldehyde), embedded in paraffin, and sectioned at 100-m intervals in accordance with standard laboratory procedures, and hematoxylin and eosin (H&E) sections were prepared. The histological sections were manually coregistered to the OCT data. The coregistration utilized in-house visualization software to perform multiplanar reformatting of the OCT data, allowing the extraction of arbitrary oblique slices. For each histological section, the optimal oblique OCT slice was selected on the basis of visual identification of multiple distinct anatomical features, such as bronchioles and blood vessels.
RESULTS
Static OCT needle probe. Figures 3 and 4 show the first OCT needle probe images with matching histology in the small animal models of rat and fetal lamb, respectively. The static OCT needle probe was used to successfully visualize individual alveoli, small bronchioles, and blood vessels. Figure 3 shows representative OCT images acquired on rat lungs. A radial image, constructed from one full rotation of the OCT needle probe, is shown in Fig. 3A . The needle hole is located at the center of the image, surrounded by alveoli and a small blood vessel (v1) to the left of the image. Each alveolar space presents as a small region of low backscatter (dark gray), incompletely delineated by the more highly backscattering alveoli walls (light gray). Figure 3B highlights the value of 3-D imaging, showing the relative position of multiple vessels and bronchioles not visible in a single radial image. A longitudinal OCT image was extracted from the data volume, perpendicular to the radial image. Its location is indicated by the dashed green line in Fig. 3A,   Fig. 2 . Illustration of the functionality of the 2 types of OCT needle probes used in this work. A: the static probe uses a counterrotation/pull-back scan motion that enables acquisition of full 3-dimensional (3-D) data sets but that is limited in image acquisition speed. B: the dynamic probe uses a fastoscillating linear scan motion that is capable of acquiring rapid sequences of 2-D image frames.
and its horizontal axis was aligned along the direction of the needle retraction. A bronchiole and three vessels (v1, v2, v3) are visible, showing the correspondence with the matching H&E histology section in Fig. 3C . Orthogonal views of vessel v1 are visible in both radial and longitudinal OCT images (Fig.  3, A and B) . Figure 4 shows representative images acquired from a fetal sheep lung. Both radial (Fig. 4A) and longitudinal (Fig. 4B) OCT images are shown, with matching histology for the latter. Multiple matching bronchioles and vessels are visible in both the OCT and histological images, allowing manual coregistration of the images. The needle tract is also visible in the histology image.
Some distortion of alveoli is apparent in Fig. 4A , top left, which can be accounted for by precession of the OCT needle probe and compression of the alveoli. The longitudinal image of Dynamic OCT needle probe. The dynamic OCT needle probe was used to track changes in anatomical features during a period of simulated inflation and deflation of a pig lung. A video showing the multiple "breath" cycles is available as Supplemental Video 2. Figure 6A shows a still frame extracted at maximum deflation, whereas Fig. 6B shows a frame extracted at maximum inflation. These images are acquired parallel to the needle shaft (illustrated in Fig. 2B ) as the internal imaging needle is translated over a range of several millimeters. In Fig. 6 , the OCT needle probe is positioned along the top of the image, with the light beam orientated downward. The void at the top of the image shows a narrow saline-filled region immediately adjacent to the needle.
In Supplemental Video 2, the apparent displacement of the parenchyma is influenced by movement of the needle in response to the inflationary and deflationary forces. For this reason, proximal alveoli appear to move little, while more distant alveoli are displaced a greater amount. Alveoli displacement visualized with an OCT needle probe is relative to the position of the needle.
DISCUSSION
Static and dynamic imaging of alveoli with OCT needle probes opens new possibilities for the assessment of lung physiology in health and disease. The results presented in this report demonstrate a high level of structural detail visible with an OCT needle probe, allowing visualization of alveoli, bronchioles, and vessels in situ. Furthermore, for examination of dynamic tissue properties, the OCT needle probe has the capability to track the movement of individual alveoli over a breath cycle.
In this proof-of-principle study, excised lung models were utilized that provided direct access to lung tissue structures, although for in vivo application, insertion through the chest wall is feasible (see below). To maximize OCT image penetration depth, we chose to use liquid-perfused lungs, employing saline or Krebs solution, or in the case of the fetal lung, amniotic fluid. Our early experimental work with air-filled lungs found that strong optical reflections at each air-tissue interface rapidly attenuated the OCT signal. The introduction of a liquid medium into the lungs reduces the optical refractive index mismatch at each air-tissue interface, allowing the nearinfrared light beam to penetrate through multiple alveolar spaces. In addition, this prevented tissue dehydration and the associated distortion of structural and mechanical lung properties (17) . The use of a liquid medium removes the air-liquid interface and reduces alveolar surface tension (58) , altering the forces exerted on cells in the alveolus and increasing the degree of lung distension for a given pressure. It is, therefore, likely that in the present study alveoli are larger than they may be in an air-filled lung. However, this approach may afford some advantage in that tissue displacements measured reflect the intrinsic mechanical properties of the parenchymal tissue. In vivo extensions of these measurements are feasible through the use of bronchoalveolar lavage (9, 51) or whole lung lavage (2) . Notably, other exogenous refractive index-matching liquids are available and could be used to optimize imaging depth. Imaging is certainly possible in air-filled lungs, although with present probe designs, the imaging depth is reduced to alveoli immediately adjacent to the OCT needle probe.
Translation from the excised lung model to the in vivo scenario is possible by inserting the needle probe through the chest wall. As with transthoracic lung biopsies and fine-needle aspiration biopsies, the use of OCT needle probes carries a risk of pneumothorax, or tissue trauma due to the relative movement of the lung surface and the chest wall. In the present study, introduction of the OCT needle probe was found to cause some local trauma to pulmonary structures. Our development of a small-caliber 30-gauge OCT needle probe, which is significantly smaller than the needles currently used for lung biopsies, is an important step forward in reducing these complications.
Earlier work (46) has shown the use of static OCT needle probes in larger animal models (pig). The present study has demonstrated the first use of static OCT needle probes in small animal models (rat, fetal lamb). Miniaturization of the OCT needle probe (outer diameter 310 m) has been critical in extending the range of animal models for this imaging technique, with the needle used in the current studies being less than one-half the outer diameter of the probe used previously (46) . The reduction in probe size has been possible by redesigning the distal focusing optics. The small copper mirror present in earlier designs (34, 46) , used to redirect the light beam at right angle to the needle axis, has been replaced in the static probe with a gold-coated angle-polished length of nocore fiber (31) .
Correlations were demonstrated between OCT needle probe images and matching H&E sections. However, some differences were observed due to imaging artifacts in both the H&E preparation and the OCT image acquisition. In this study, the tissue adjacent to the OCT needle probe was excised immediately after imaging, to assist in colocation of histology and OCT. The difference in inflation between OCT imaging of the fresh tissue and fixation of the excised sample will have contributed to discrepancies between the OCT and histology images. Tissue samples have also been shown to undergo shrinkage and deformation during histological preparation (20, 33) , with different tissues affected to different degrees (60) . Because of such inhomogeneous distortion, there will be additional disparity between the optimal OCT imaging plane and each histological section. Rotation of the needle probe during 3-D imaging also resulted in some tissue drag. Alternative OCT needle probe designs have been proposed to minimize this by enclosing the imaging probe within a stationary catheter (29) .
Of further consideration is the impact that breathing movements may have on the positioning of the probe. During lung inflation and deflation, the needle will move with the surrounding parenchyma. As can be seen in Supplementary Video 2, distant alveoli appear to move more than alveoli that are adjacent to the needle, because the displacement is visualized relative to the needle position. However, by tracking the movement of the OCT probe (28, 61) , it is possible to calculate absolute displacement of the alveoli walls.
A feature of the present probe design is the capacity for assessment of lung viscoelastic properties, which can be achieved by tracking the displacement of individual alveoli in response to pressure fluctuations. Similar measurements have been performed with ex vivo tissue samples using light microscopy and multiphoton microscopy (10, 15) , and these small-scale measurements have been correlated against whole lung measurements of elastance (5) . OCT is capable of performing highly localized measurements of the viscoelastic properties of tissue, a technique referred to as optical coherence elastography (21, 22, 49) . We note that dynamic OCT needle probes may present the opportunity to perform such measurements in situ at different locations and depths within the lung, which may be useful in the scenario of lung disease or injury that is inherently heterogeneous.
In addition to the possible assessment of lung pathologies by needle OCT, there are a number of physiological questions that could be addressed by use of an OCT needle probe. For instance, the mechanisms of lung volume expansion have been widely discussed in the literature (14, 47) , yet no established unifying model of alveolar mechanics has been accepted. A key question is whether alveoli are recruited during respiration or whether they follow some model of expansion. Different models of expansion include isotropic growth, growth which changes the shape of the alveoli, or expansion through the folding and unfolding of the alveoli walls (16) . Techniques to perform dynamic imaging of fresh (not fixed) or in vivo tissue are providing new insights into these mechanisms. Endoscopic confocal microscopy (50) has been used to track alveolar expansion in mouse lungs and has shown evidence of alveolar recruitment driven by airflow between alveoli via the pores of Kohn (40) . 3 He-diffusion MRI studies of healthy human lungs suggest inflation occurs primarily through recruitment in conjunction with anisotropic expansion of the alveolar ducts (18) . We propose that OCT needle probes provide an alternative imaging modality to explore the specific mechanisms of lung inflation (i.e., alveoli expansion vs. recruitment). In the present study, the excised lung lobe model was subject to alveoli collapse, not only during the process of dissection but also as a result of deflation to 0 cmH 2 O tracheal pressure (0 cmH 2 O transpulmonary pressure). We note that this is below the normal physiological lung volume present at functional residual capacity and that under these experimental conditions, inflation of the excised lung lobe likely involves considerable lung recruitment. During the inflationary maneuver, alveoli recruitment as well as expansion of individual alveoli was detected (see Supplementary Video 2). These observations provide proof-of-concept that OCT needle probes have the potential to discern alveoli expansion and recruitment. The dynamic OCT probe used in this study has a greater imaging field of view than is possible in endoscopic confocal microscopy and higher resolution than can be achieved with MRI. For measurements that require a higher resolution, our group recently published a report of a confocal needle probe with a lateral resolution of 700 nm (45) .
Methods for analysis of OCT needle probe data need further development; however, quantification of 2-D OCT images could be achieved through the use of stereological methods for estimation of characteristics such as lung surface density and number of alveoli in a given region (53) . By defining a number of random test lines spanning the 2-D image and recording the distance between adjacent intercepts with the alveoli walls, it is possible to accumulate an estimate of the distribution of intraalveoli chord lengths. The arithmetic mean and other moments of this distribution provide a quantification of both average alveoli size and size variation, as described elsewhere (25) . The high image contrast between the alveoli walls and the enclosed airspace visible in the OCT images lends itself to analysis with image processing techniques to discern the extent of each alveolus and allow automated stereological analysis of OCT needle probe scans. Static OCT needle probes scans may be acquired in both deflated and inflated states, provided that a constant lung pressure is maintained during each individual acquisition. This would allow the use of stereological techniques to contrast lung characteristics between these states.
Conclusion. This article describes the use of a new technique for pulmonary imaging using OCT needle probes. These probes may be optimized for a range of applications, and we have described specific designs for minimal caliber needle imaging of lung tissue in small animal models and for dynamic imaging of alveoli during simulated inflation and deflation. This report presents the first published dynamic images acquired with an OCT needle probe and the first coregistered OCT-histology images acquired with a 30-gauge OCT needle probe. Individual alveoli, bronchioles, and blood vessels were visualized, and 3-D rendering of the data allowed the exploration of features such as bronchiole bifurcations. This technique has the potential to offer new insight into a range of physiological properties, including alveolar mechanics and morphometric analysis of parenchymal structures.
